Telomere length is similar in different organs of the human fetus but variable among fetuses. During extrauterine life telomere length is highly variable among individuals and longer in women than men. In the present work we addressed the following questions: 1) Are there sex-related differences in telomere length at birth? 2) Is there synchrony (i.e. correlation in length) of telomeres in tissues within the newborn? 3) Is the variability in telomere length among newborns as large as that in adults? We studied normal male and female newborns who donated DNA samples from three sources: white blood cells, umbilical artery, and foreskin. Telomere length was measured by the mean length of the terminal restriction fragments (TRF). TRF length was not different between male and female newborns. It was highly synchronized among the DNA samples from white blood cells, umbilical artery and skin within individual donors but exhibited a high variability among donors. We conclude that there is no evidence for the effect of sex on telomere length at birth, suggesting that longer telomeres in women than men arise from a slower rate of telomeric attrition in women. The variability in telomere length among newborns and synchrony in telomere length within organs of the newborn are consistent with the concept that variations in telomere length among adults are in large part attributed to determinants (genetic and environmental) that start exerting their effect in utero. The loss of telomere repeats associated with replication of human somatic cells in culture is central to the concept that in these cells telomeres serve as a "mitotic clock" (1). In human beings, telomere length of replicating somatic cells is inversely related to donor age (2-4), highly variable among donors of the same age (2-4), highly heritable (3, 5), and longer in women than in men (5, 6). These observations suggest that in human somatic cells telomere length is a biomarker of replicative history not only in vitro but also in vivo and that it is modified by genetic factors and sex.
Telomere length is similar in different organs of the human fetus but variable among fetuses. During extrauterine life telomere length is highly variable among individuals and longer in women than men. In the present work we addressed the following questions: 1) Are there sex-related differences in telomere length at birth? 2) Is there synchrony (i.e. correlation in length) of telomeres in tissues within the newborn? 3) Is the variability in telomere length among newborns as large as that in adults? We studied normal male and female newborns who donated DNA samples from three sources: white blood cells, umbilical artery, and foreskin. Telomere length was measured by the mean length of the terminal restriction fragments (TRF). TRF length was not different between male and female newborns. It was highly synchronized among the DNA samples from white blood cells, umbilical artery and skin within individual donors but exhibited a high variability among donors. We conclude that there is no evidence for the effect of sex on telomere length at birth, suggesting that longer telomeres in women than men arise from a slower rate of telomeric attrition in women. The variability in telomere length among newborns and synchrony in telomere length within organs of the newborn are consistent with the concept that variations in telomere length among adults are in large part attributed to determinants (genetic and environmental) that start exerting their effect in utero. The loss of telomere repeats associated with replication of human somatic cells in culture is central to the concept that in these cells telomeres serve as a "mitotic clock" (1) . In human beings, telomere length of replicating somatic cells is inversely related to donor age (2-4), highly variable among donors of the same age (2-4), highly heritable (3, 5) , and longer in women than in men (5, 6) . These observations suggest that in human somatic cells telomere length is a biomarker of replicative history not only in vitro but also in vivo and that it is modified by genetic factors and sex.
In contrast to the considerable information available about telomere length in humans during extrauterine life, little is known about telomere length during intrauterine life. Limited information indicates that in utero, the length of human telomeres is highly synchronized in that it is similar among tissues of the same fetus, but variable among fetuses (7) . The present research was undertaken to answer the following key questions about telomere length: 1) Do male and female newborns differ in the length of their telomeres? 2) At birth, is there synchrony of telomere length in cells derived from three tissues (blood, umbilical artery and foreskin)? 3) Is the variability of telomere length among newborns the same as that observed in adults? eclampsia, defined by blood pressure equal to or greater than 140/90 mm Hg plus clinical evidence of edema, proteinuria, or both, after 20 wk of gestation. Seven mothers had pregestational diabetes. The following exclusion criteria were implemented for mothers: known HIV-infection or unknown HIVserostatus, positive hepatitis serology, intrauterine infection, history of any chronic infection, autoimmune or metabolic diseases other than diabetes, history of chronic heart lung and kidney diseases, history of sickle cell anemia and cancer, history of drug abuse immediately before and during pregnancy. Newborns with chromosomal or any other major congenital defects were also excluded. We abstracted from the medical record of each newborn the following information: maternal race, mode of delivery, infant gender, Apgar scores, birthweight. Gestational age was computed from the estimated date of confinement (EDC) and the actual birth date, which were obtained from the medical charts. This research was approved by the Institutional Review Board of the UMDNJ and Hackensack University Medical Center. Informed consent was obtained from mothers.
Specimens. Immediately after birth, 10 mL of umbilical cord blood was collected and a 20 cm segment of the umbilical cord placed in ice-cold sterile PBS (PBS) with antibiotics. The umbilical artery was removed and stripped of the adherent adventrical tissue. Foreskin specimens were obtained from a subset of male newborns undergoing circumcision. No skin specimens were available from white newborns. These specimens were immediately immersed in ice-cold sterile PBS plus antibodies. Erythrocytes in blood specimens were lysed with a hypotonic solution, specimens centrifuged and pellets (primarily comprising white blood cells) and tissue specimens washed three times with PBS. All samples were stored at Ϫ80°C until DNA extraction. A complete set of specimens (white blood cells and umbilical artery cells for newborn girls; white blood cells, umbilical artery and skin cells for newborn boys) was not available from all donors.
DNA isolation and measurements of terminal restriction fragmented (TRF) length. In preparation for DNA extraction, solid tissues were immersed in liquid nitrogen and specimens (~50 mg each) were ground in an alloy tool steel mortar and pestle set (Fisher, Pittsburgh, PA, U.S.A.). Ground tissues or white blood cell pellets were suspended in 0.5 mL buffer (NaCl 100 mM, Tris 10 mM, SDS 1.0%, EDTA 25 mM, pH 8.0) and specimens were thawed at 50°C. Proteinase K (0.2 mg/mL) was added and mixture digested overnight. DNA was extracted with phenol/chloroform/isoamyl alcohol and with chloroform/ isoamyl alcohol, precipitated and dissolved in 10 mM Tris-HCl (pH 8.0) and 1 mM EDTA. TRF measurements were performed as previously described using telomeric probe (digoxigenin 3'-end labeled 5'-(CCTAAA) 3 ) (4, 5). The probe was detected by the digoxigenin luminescent detection procedure (Boehringer Mannheim, Indianapolis, IN, U.S.A.) and exposed on x-ray film.
To determine TRF length, each lane was scanned between 5 and 20 kb with a densitometer (Molecular Dynamics, Image Quant) and compared with the closest of four reference molecular weight ladders on each gel. The length of TRFs was calculated as previously described (7) using the formula:
where OD(i) ϭ OD at a given position and MW(i) ϭ molecular mass at the same position. This formula accounts for the fact that longer telomeres bind more of the labeled probe and consequently appear darker on the x-ray film. TRF length refers to the average TRF length for a sample run in triplicate on different gels.
Statistical analysis. TRF lengths, birth weights and gestational age of Blacks, Hispanics and Whites were compared by ANOVA. Comparisons of TRF lengths by gender, occurrence of hypertension during pregnancy, preeclampsia and pregestational diabetes were performed by t tests. Synchrony, i.e. equality in TRF length among tissues (cells) from the same infant, was evaluated by two methods. First, the mean differences between blood, umbilical artery and foreskin TRF lengths were obtained for each newborn, and mean differences were compared with 0 (no difference) by paired t tests. Second, least-square linear regression lines were estimated for TRF lengths from blood as a function of umbilical artery and foreskin TRF lengths. Under the premise of equality, the slope would be 1 and the intercept 0. F tests with 2 degrees of freedom in the numerator were run to test the pair of parameter estimates against these values. To evaluate the scatter of the distribution of TRF lengths in infants, 95% confidence intervals based on the 2 distribution were constructed for the point estimates of variance of TRF lengths in blood and in umbilical artery, after checking the approximate normality of the distributions. A multiple linear regression of TRF length as a function of birth weight and gestational age was performed to evaluate possible correlation of birth weight with TRF length, after adjustment for gestational age. The strength of association between TRF lengths and age, parity and gravity was measured by linear and rank correlation coefficients. Analyses were conducted using SAS software (SAS®, Durham, NC, U.S.A.). The criterion of statistical significance was two-tailed p Ͻ 0.05. Data are presented as mean Ϯ SEM, and p values are two-tailed, unless specified otherwise. Table 2 presents the birth weights and gestational ages of the newborns as characterized by ethnicity. The birth weight of Blacks was significantly lower than that of Whites (t ϭ 3.20, p ϭ 0.0016). There were no statistically significant differences in TRF length among the three ethnic groups (Table 3 ). There were also no sex related differences in TRF length in white blood cells (males ϭ 10.95 Ϯ 0.088 kb; females ϭ 11.07 Ϯ 0.077 kb, t ϭ 1.00, p ϭ 0.3) and in umbilical artery cells (males ϭ 10.99 Ϯ 0.078 kb; females ϭ 11.02 Ϯ 0.077 kb, t ϭ 0.29, p ϭ 0.8) (Fig. 1) . Table 4 summarizes data about TRF lengths in subsets of newborns whose mothers were diagnosed with hypertension during pregnancy, preeclampsia and pregestational diabetes. There were no differences in TRF lengths in WBCs or umbilical artery cells between these newborns and newborns of mothers who did not exhibit those complications.
RESULTS
Strong similarity of TRF length was observed for white blood cells and umbilical artery cells; the mean difference in TRF lengths was not significantly different from 0 (0.013 Ϯ 0.027 kb; t ϭ 0.47, p ϭ 0.64; n ϭ 155). There was also no difference between TRF length of skin cells and umbilical artery cells (mean difference ϭ 0.095 Ϯ 0.058 kb; t ϭ 1.63, p ϭ 0.12; n ϭ 22). However, the TRF lengths of skin cells were significantly longer than TRF lengths of white blood cells (mean difference ϭ 0.210 Ϯ 0.054 kb; t ϭ 3.87, p ϭ 0.001; n ϭ 20). To further check for synchrony in TRF length among cells from the newborns, TRF length of white blood cells was plotted against TRF length in umbilical artery cells (Fig. 2A) . The TRF lengths of white blood cells and umbilical artery cells were highly correlated (r ϭ 0.89, p ϭ 0.0001). Furthermore, the least-squares line was consistent with the hypothesis of line of identity: white blood cells ϭ 0.007 ϩ 0.989 umbilical artery cells (test of 0 intercept and slope of 1: p ϭ 0.10). A subset of male infants had specimens from skin and umbilical artery cells or skin and white blood cells. In these newborns strong correlations were observed in the regressions of TRF length in skin cells on TRF length in white blood cells (r ϭ 0.97, p ϭ 0.0001) and on TRF length in umbilical artery cells (r ϭ 0.94, p ϭ 0.0001) (Fig. 2B, C) . However, the slopes and intercepts of these regressions were different from 1 and 0, respectively. ; the sample size of 23 did not allow for a reliable confidence interval about the variance. In our previous study, examining TRF lengths in white blood cells of adults (6), the variance after age-adjustment was 0.63 kb 2 ; after adjustment for gender as well as the variance was 0.62 kb 2 . These variance estimates for adults lie within the 95% confidence interval for variance of TRF lengths in white blood cells of infants.
There was no significant relation of TRF lengths from blood or umbilical artery cells with birthweight, gestational age, and birthweight adjusted for gestational age. There was also no significant correlation of TRF lengths with gravidity or parity. Maternal age was positively correlated with TRF length in white blood cells. Although weak, the correlation was statistically significant (r ϭ 0.18, p ϭ 0.02).
DISCUSSION
The main findings of this work are: 1) There are no differences between male and female newborns in TRF length. 2) At birth, TRF length was highly synchronized among white blood cells, umbilical artery cells and skin cells. 3) Variations in TRF length among newborns are as wide as variations in TRF lengths among adults. The implications of these findings are discussed below.
Two recent studies have found that after age-adjustment, TRF length, as determined in white blood cells, was longer in women than men (5, 6) . The equal TRF length in male and female newborns suggests that sex-related differences in TRF length arise from different rates of telomere attrition during extrauterine life. The most likely reason for this effect is estrogen. The effect of estrogen on telomere attrition during extrauterine life may be exerted in two ways. First, estrogen can stimulate telomerase, given that an estrogen response element exists on the catalytic subunit of the enzyme (8) .
Telomerase is a reverse transcriptase that counters telomeric attrition by adding back telomeric repeats onto the ends of chromosomes (9, 10) . Second, estrogen reduces oxidative stress (11, 12) , and reactive oxygen species accelerate the rate of telomere attrition (13) .
The present study extends previous observations of synchronization in telomere length among multiple organs of the human fetus (7). This synchronization was also observed in telomere length from three different tissues in the newborns. We note, however, that based on a limited number of skin samples in male newborns, telomere length in skin specimens was significantly shorter in skin than in white blood cells. The biologic meaning of this difference is not clear. What is clear, however, is that variations in telomere length among individuals far exceed variation in telomere length in different tissues within the same individual. To some extent, this phenomenon is observed not only during intrauterine life and at birth but also throughout extrauterine life (14 -16) . Since variations in telomere length among individuals are to a large part genetically based, the effect of genetic determinants on telomere length may be already exerted in utero (3, 5) .
A recent study reported that TRF length in umbilical cord blood cells was significantly longer in "very low birthweight" preterm compared with "low birthweight" neonates (17) . These findings need confirmation, given that the conclusion of the study was based on 13 newborns and the considerable interindividual variation in TRF length observed at birth.
Variability in telomere length among individuals may arise from variation in telomere length at birth, variation in the rate of telomere attrition thereafter, or both. The present study shows that variability in telomere length among newborns is as large as that observed in later life (2-4, 6, 18 ). This finding does not exclude the possibility that the pace of telomere attrition is different among persons during extrauterine life, since data showing age-dependent telomere attrition are derived from cross-population studies with little information available from prospective studies examining age-dependent telomere attrition in individual subjects.
Recent studies have found intriguing associations between telomere length and biologic indicators of vascular aging (5, 6, 15, 19) . The ramifications of these studies are unknown at present. If telomeres serve as biologic timekeepers in human beings, understanding the determinants that contribute to the variability in telomere length during intrauterine life will provide an important insight not only into developmental biology of the newborn but also the related biology of human aging.
